Stink bugs are significant pests of cotton in the southeastern USA, causing millions of dollars in control costs and crop losses each year. New methods to detect stink bug damage must be investigated in order to reduce these costs and optimize pesticide applications. One such method would be to detect the volatile organic compounds (VOCs) emitted from cotton plants damaged by stink bugs. A portable device was developed to draw VOCs from the head space of a cotton boll over carbon black-polymer composite sensors. From the response of these sensors, this device would indicate if the boll was fed upon by a stink bug or not. The device was 100% accurate in distinguishing bolls damaged by stink bugs from undamaged controls when tested under training conditions. However, the device was only 57.1% accurate in distinguishing damaged from undamaged bolls when tested 24 h after it was trained. These results indicated that this device was capable of classifying cotton as damaged or undamaged by differentiating VOCs released from undamaged or damaged bolls, but improvements in design are required to address sensitivity to fluctuations in environmental conditions.
Introduction
Cotton containing transgenes from the bacterium Bacillus thuringiensis (Bt) subspecies kurstaki Berliner has significantly reduced the amount of foliar-applied insecticides used to control major pests of the crop, such as tobacco budworm, Heliothis virescens (F.) and bollworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae). However, because phytophagous species of stink bugs are no longer being controlled coincidentally by applications of these insecticides, these insects have become major pests capable of causing significant economic damage to cotton [1] [2] [3] . Insecticide use for control of stink bugs increased from 0 to 4 million applications from 1995 to 2001, costing cotton producers $27 million [4] . Losses due to stink bugs in 2011 were estimated to be over $48 million in the USA, with control costs exceeding $5.3 million [3] .
In order to preserve the benefits of Bt cotton and minimize the amount of insecticides needed for acceptable control, detection methods are needed that provide enhanced measures of pest density or damage, with the ultimate goal of applying pesticides only to areas that harbor insects and exceed damage thresholds. A major constraint to pest control is the difficulty associated with obtaining necessary information to make treatment decisions. Current monitoring techniques for stink bugs in cotton include field sampling with a beat cloth to determine pest densities [5] and handpicking of bolls to assess pest damage [6] . Stink bugs have piercing-sucking mouthparts and feed on the developing seed inside of cotton bolls. This feeding leaves signs of 2 Journal of Insects injury inside bolls in the form of callus wart-like growths [7] . A boll with at least one of these warts is counted as "damaged" when determining threshold levels and making treatment decisions. These methods are perceived as variable and time-consuming, and control decisions can often be based on insufficient information. More efficient methods must be found to assess pest density and damage levels so supplemental sprays for lepidopterous pests are not replaced with excessive sprays for stink bugs.
Because current detection methods are far less than optimal, novel sensing technologies for detecting stink bugs should be evaluated. Such methods include exploiting volatiles released from cotton damaged by these insects. Cotton plants and bolls release chemicals as part of a defensive mechanism against pests [8] , or as a by-product of chemical reactions in bolls damaged by sucking bugs [9, 10] . These chemicals which include various homoterpenes and monoterpenes [11, 12] , are molecularly specific, normally volatile, and potentially detectible as a characteristic of stink bug presence and/or boll damage in cotton. Several chemicalspecific sensors are used to detect a broad range of alcohols, aldehydes, esters, hydrocarbons, and volatile sulfur compounds, as well as individual volatiles associated with fruit ripening across a wide concentration range [13, 14] . Several sensing technologies, such as metal oxide sensors, electrically conducting polymers, surface acoustic wave (SAW) sensors, and colorimetric sensors, are available for detecting volatile chemical. For example, Schutz et al. [15] used intact insect antennas as biosensors to detect volatile released by diseased potato tubers.
Because cotton releases volatiles systematically in response to piercing/sucking damage from hemipteran insects, these volatiles can potentially be detected as a characteristic of boll damage in cotton. Therefore, the detection of these volatiles can indirectly indicate the presence of these pests.
Carbon black-polymer composites have been shown to express variable resistance to electrical current in the presence of certain volatiles [16] . Each carbon black-polymer composite sensor responds specifically to an analyte, and an array of these sensors can be used to make a "fingerprint" of an analyte, which can be used to differentiate it from other analytes. The sensitivity of these sensors varies from ppm to ppb, depending on the vapor pressure of the analyte [17] . Carbon black-polymer composites have been shown to have a distinct fingerprint when exposed to volatile organic compounds secreted by damaged plants [18] . That study investigated numerous compounds, includingpinene, limonene, and farnesene, compounds shown to be released by insect-damaged cotton [11] . The sensor which showed the greatest response to -pinene was poly(ethylene oxide), and the sensor which showed the greatest response to both limonene and farnesene was polyethylene [18] .
Carbon black-polymer composite sensors have a number of benefits over similar sensors. These sensors have been shown to outperform tin oxide and conducting polymer arrays in resolving analytes [19] . In addition, these sensors respond linearly to relative humidity, do not degrade upon exposure to humidity, and can discriminate analytes in high humidity [17] .
Cotton volatiles have previously been detected using a commercially available electronic nose [12, 20] . These studies demonstrated that the hand-held Cyranose 320 (Smith Detection, Pasadena, CA; now supplied by Sensigent, Baldwin Park, CA, USA) could identify damaged bolls with 90% accuracy and undamaged bolls with 80% accuracy in laboratory conditions [20] and up to 100% accuracy in field conditions [12] . The Cyranose 320 is equipped with sensors made from various types of carbon black-polymer composites; however, it is expensive (>$10,000), requires trained personnel for analysis, and lacks real-time software for "on-the-go" measurements of plant volatiles.
This research was aimed at developing a pest and damage (PAD) detector using carbon black-polymer composites to detect cotton bolls fed upon by insects. This device would be used specifically by growers and consultants for detecting bolls damaged by stink bugs, replacing the practice of counting insects and hand opening bolls. This device would also be less expensive, readily available, and easy to interpret and provide rapid results for in-field decision making. Furthermore, because optimal carbon black-polymer composites were identified for detecting damaged cotton, our specific array of sensors will not require training, be cheaper than commercial units ($500 versus $10 K), and reduces total sampling time (10 s versus 60 s) compared with a commercial version previously tested [12, 20] .
Methods

Collection and Rearing of Insects.
Adults of Nezara viridula were used for this experiment. Some insects were reared from eggs from mated females in the laboratory, and some were collected from cotton and soybean fields in late spring and early summer of 2012 at the Edisto Research and Education Center near Blackville, South Carolina. Stink bugs were reared and held in plastic cages and fed fresh green beans and raw peanuts [21] . The cages were held in a controlled environment at 30 ∘ C and 70% relative humidity with a photoperiod of 14 : 10 (L : D) h.
Rearing and Use of Plants.
Cotton, Gossypium hirsutum (L.), variety DP 164 B2RF (Delta and Pine Land 164 Bollgard 2 Roundup-Ready Flex), was planted at the Edisto Research and Education Center near Blackville, South Carolina. Plants were blooming and setting bolls during experimentation.
Fabrication of Sensors.
Carbon black-polymer composite sensors were constructed by drop coating a carbon blackpolymer mixture onto a custom printed circuit board (PCB). The custom PCBs were fabricated by Pad2Pad (Mahwah, NJ, USA) and were 29 mm × 14 mm with 4 sets of 6 interdigitated electrodes ( Figure 1 ). The electrodes were 200 microns wide, spaced 500 microns from center to center. Composite solutions were made using 20 mg of suspended carbon black (BP2000, Cabot Co., Billerica, MA, USA) and 80 mg of polymer in 10 mL of solvent. Polymers used were poly(ethylene glycol), poly(ethylene oxide), poly(styrene-co-allyl alcohol), and poly(vinylpyrrolidone) ( Table 1 ). These polymers were chosen based on their use in previous research [16, 18] . Tetrahydrofuran was used as the solvent for all sensors, except benzene was used for the poly(ethylene oxide) sensor. All polymers and solvents were ordered from Sigma-Aldrich (St. Louis, MO, USA). Solutions were sonicated for one min prior to drop coating to ensure carbon black suspension and then immediately drop coated and allowed to dry. This process was repeated until resistance was less than 1 MΩ. Our initial testing with sensor location on the PCBs indicated that sensor order did not affect sensor response, so sensors 9, 10, 4, and 8 were randomly assigned to an array in positions 1, 2, 3, and 4, respectively, with position 1 being closest to the sample input.
Development of Device.
Components of the PAD detector ( Figure 2 ) were assembled into an ABS enclosure (Model 100-42-NO-E, Box Enclosures and Assembly Services, Lake Bluff, IL, USA). The microdiaphragm pump (Model NMS020L, KNF Neuberger Inc., Trenton, NJ, USA) was connected by 0.318 cm OD, 0.159 cm ID polyethylene tubing to a stainless steel sensor box as well as a subminiature solenoid valve (Model GH3115-C203, Gems Sensors & Controls, Plainville, CT, USA). Approximately 58 cm of polyethylene tubing was used for sample collection, and 16 cm of tubing was used for ambient air collection in total. The headers of the sensor PCB were inserted through the stainless steel sensor box and inserted into a socket on the control circuit PCB. A 12 V, 4.5 Ah lithium ion rechargeable battery (Model LBP-124500, MG Electronics, Hauppauge, NY, USA) was used as a power supply, and the Arduino Uno 3 was used as the microcontroller board (Arduino LCC, Italy). Also, new relative humidity and temperature sensors were added to record environmental variables. The temperature sensor used was model LM35CH (National Semiconductor, Santa Clara, CA, USA), and the humidity sensor used was HIH-4000-003 (Honeywell, Morristown, NJ, USA).
The control circuit ( Figure 3 ) was printed to the control circuit PCB. The 12 V was supplied by the battery. The Arduino Uno 3 was responsible for providing the digital output for controlling the pump and valve.
The sensor circuit ( Figure 4 ) was also printed to the control circuit PCB. The Arduino Uno 3 supplied the 5 V and recorded the voltage drop across the carbon blackpolymer composite sensors 1 to 4 .
In addition to the Arduino Uno 3, a portable datalogger (midi logger GL220, Graphtec Corporation, Yokohama, Japan) also input these voltage drops across the carbon blackpolymer composite sensors via an 8-pin DIN connector. The datalogger was used during the development phase in order to visualize the data in-field and also because it has a greater resolution than the Arduino Uno 3.
An activated charcoal filter (developed in-house) was added to the ambient air intake in order to reduce volatiles in the ambient air, and a sampler was added to the sample air intake in order to reduce volatile head space and reduce false negatives (Figure 2 ). The Arduino Uno was programmed to draw a stream of ambient air through the filter, valve, and pump and then across an array of four carbon blackpolymer composite sensors during the purge cycle. During the sampling cycle, a stream of VOCs from around a cotton boll was drawn from the sampler, through the filter, valve, and pump and then across an array of four carbon black-polymer composite sensors. The change in resistance of the sensors was calculated during the sampling cycle.
Field Testing of Device.
Cages were placed over forty cotton bolls (each about 12-14 days after anthesis) by securing nylon stockings over polystyrene foam cups as described by Greene et al. [7] and Degenhardt et al. [12] . A stink bug was placed inside the cages on twenty of the bolls and allowed to feed for 48 to 72 h. Twenty cotton bolls caged without bugs were used as controls. Cotton bolls were selected in pairs, with treatments applied to bolls of adjacent plants. Pairs of bolls were located 15 to 30 m apart in rows which were spaced approximately 1 m apart. After 48 h of feeding, field testing To sample cotton volatiles, the cages were removed, and the boll was placed in the boll sampler ( Figure 5 ). Ambient air was pumped over the sensors to purge them for 5 s, and then the solenoid valve was activated to pump air from the boll sampler over the sensors for 11 s. A 5 s, postsample purge cycle followed.
Seven analog input channels of the datalogger were used. The first four channels were used to record the voltage drop across the carbon black-polymer sensors. The fifth channel was used to monitor the status of the solenoid valve. The sixth and seventh channels were used for analog output from the temperature and humidity sensors, respectively. The voltage range for all channels was ±5 V, except a voltage range of ±1 V was used for channel six. A sampling frequency of 10 Hz was used for all channels.
The resistances of the sensors were calculated using the voltage drop across the sensor. A calibration curve was created for each sensor position using known resistors and the following equation:
where is the resistance of the resistor, is the measured voltage drop across the resistor, and and are constants. This calibration equation was used to account for the internal resistance of the microcontroller and datalogger in parallel with the sensors. The percent change in resistance was calculated by dividing the difference between the maximum and baseline resistances by the baseline resistance. The baseline resistance was defined as the sensor resistance immediately after the solenoid valve was energized, and the maximum resistance was defined as the largest resistance measured during the sampling cycle. These changes in resistance were used as features for detection. Samples from bolls which had not produced internal signs of feeding injury (i.e., warts) after 72 h and samples from bolls where the stink bugs had died during testing were discarded.
For clarity, data were graphed as a 3-period central moving average. Each datum point was graphed as the average of that datum point, the datum point immediately preceding it, and the datum point immediately after it. This allowed the trend of data to be observed more easily.
After 48 h, the mean change in resistance for each sensor was compared between treatments by Student's -test. Equality of variances was verified by -test, and normality was verified by histogram. A logistic regression was made using features from sensors which showed a significant difference between treatments and verified using leave-one-out cross validation.
After 48 to 72 h, significance of differences between changes in resistances between treatments was determined by paired -test. Paired -test was chosen to minimize effects from variables based on location and environmental factors such as temperature and humidity. Normality was verified by histogram. A significance level of 0.05 was used for all analyses.
Results
After 48 h, there was a significant difference in percent change of resistance for undamaged and damaged bolls with sensor 8 ( = 3.14, df = 7, and = 0.0163) after a 3 s sample (Table 2) . Differences in sensor response of sensor 8 to undamaged and damaged bolls were notable after a few seconds of sampling ( Figure 6 ). All samples taken after 48 h were taken between 54.3 and 62.3% relative humidity and between 32.3 and 37.3 ∘ C.
A logistic regression using the resistance change for sensor 8 after 3 s of sampling was 77.7% accurate. However, a logistic regression using the resistance change for sensor 8 after 6 s of sampling was 100% accurate in distinguishing the sensor response from undamaged and damaged bolls. This logistic regression was 57.1% accurate in classifying undamaged and damaged bolls after 72 h.
After 72 h, no sensors showed a significant difference between treatments with a 6 s sample, using a Student's -test without accounting for temperature or humidity (Table 3) . However, sensor 8 showed an exponential response with respect to temperature. The sensor response increased as the air temperature increased (Figure 7) . Also, the sensor showed an exponential response with respect to relative humidity (Figure 8) . The sensor response decreased as the relative humidity increased. Sensor 8 showed over a 10.0% change in resistance for undamaged bolls and over an 18.0% change in resistance for damaged bolls after 72 h within 6 s of sampling (Figure 9 ). Samples shown in Figure 9 were taken between 45.4 and 47.4% relative humidity and between 37.1 and 39.3 ∘ C. In order to account for the effects of environmental factors, data after both 48 and 72 h were examined by paired -test. After 48 to 72 h, sensor 8 showed a significant average difference between pairs ( = 2.8, df = 12, and = 0.016) after 6 s of sampling (Table 4) . 
Discussion
Several studies have demonstrated the potential for using electronic nose technology to monitor pest damage in crop plants. Rice plants subjected to different densities of adult brown plant hopper, Nilaparvata lugens (Stål), were discriminated with 70% accuracy using stepwise discriminant analysis of electronic nose sensor data [22] . Electronic nose devices have also been used successfully to discriminate among VOC profiles released from cucumber, tomato, and green pepper plants subjected to pest and disease attack [23] . In this study, the prototype PAD detector showed similar capabilities in discriminating between damaged and healthy bolls compared with field studies using a commercially available trained device [12] .
Testing after 48 h showed that sensor 8 was able to differentiate damaged bolls from undamaged bolls. A logistic regression indicated that the sensor could distinguish between undamaged and damaged bolls with 100% accuracy, which showed potential for using this sensor to detect stink bug damage. In comparison, under laboratory conditions, a commercially available, 32-sensor device (Cyranose 320), distinguished between undamaged and damaged bolls with 90% accuracy [20] . Lan et al. [24] reported that a trial-anderror training process for the Cyranose 320 is the key to build a high-confidence predictive model for detecting N. viridula.
Testing after 72 h, the logistic regression showed 57.1% accuracy and that no sensors were able to detect damaged bolls from undamaged bolls. This was likely due to effects of environmental factors such as temperature or relative humidity. Because more samples were collected after 72 h and sampled over a longer period, samples were collected over a larger range of temperature and relative humidity. This wide range of testing conditions could have contributed to the insignificance of the differences between treatments because the maximum change in resistance for sensor 8 varied exponentially with temperature and relative humidity. This indicated that the device was likely very sensitive to environmental factors and should be trained under the same conditions as testing. Sensor drift due to variation in temperature and humidity may be controlled by periodic calibration with an internal standard based on cotton volatiles [25] . This capability is potentially available with our PAD unit via software correction.
One of the potential benefits of using an electronic nose device would be quick decision making. The sampling time can potentially be reduced to 6 s with our prototype, compared with a sample time exceeding 20 s for manual boll examination. Using a 5 s purge cycle, this means total time from initiation to a decision could be 11 s. This would be a desirable and minimal time for evaluation of individual bolls using a nondestructive technique.
Drawbacks of this device include the necessity of training the device under the same environmental conditions as those used for testing the device. Because it has been shown that environmental factors may affect sensor response, it would be beneficial to train the device in the same environmental conditions to minimize the effects of these factors. Future studies should include data collection in a variety of environmental conditions in order to account for environmental factors such as temperature or humidity. Alternatively, these factors may be controlled by standardizing conditions within the unit.
Conclusion
This study demonstrated the potential of utilizing volatiles released from damaged cotton bolls to assess stink bug damage using an electronic nose device (Clemson PAD). The sensors developed for this study were highly effective in discriminating between undamaged and damaged bolls and could be incorporated into improved commercial detectors for use by pest management professionals.
